Abstract In this study, we examined in vitro antibacterial, antifungal, antimalarial, and antileishmanial activities of secondary metabolites (1-8) isolated from the fungus Eurotium repens. All compounds showed mild to moderate antibacterial or antifungal or both activities except 7. The activity of compound 6 was the best of the group tested. The in vitro antimalarial evaluation of these compounds revealed that compounds 1-3, 5, and 6 showed antimalarial activities against both chloroquine-sensitive and chloroquine-resistant strains of Plasmodium falciparum with IC 50 values in the range of 1.1-3.0 lg/ml without showing any cytotoxicity to the mammalian cells. Compound 5 displayed the highest antimalarial activity. Antileishmanial activity against Leishmania donovani promastigotes was observed for compounds 1-6 with IC 50 values ranging from 6.2 to 23 lg/ml. Antileishmanial activity of compounds 5 and 6 (IC 50 values of 7.5 and 6.2 lg/ml, respectively) was more potent than 1-4 (IC 50 values ranging from 19-23 lg/ml). Compounds 7 and 8 did not show any antiprotozoal effect. Preliminary structure and activity relationship studies indicated that antibacterial, antifungal, antimalarial, and antileishmanial activities associated with phenol derivates (1-6) seem to be dependent on the number of double bonds in the side chain, which would be important for lead optimization in the future.
Introduction
Diseases caused by bacteria, fungi, and protozoa are common worldwide and major causes of death, disability, and social and economic hindrance for millions of people. According to World Health Organization, over 9.5 million people die each year due to infectious diseases and up to 19% patients are infected from hospital visits throughout the world (Peleg and Hooper, 2010; Gastmeier et al., 2007) . Hospital-acquired infections cause a wide range of severe infections including pneumonia, infections of the bloodstream, urinary tract among other organs of the body. Most of the nosocomial pathogens are difficult to treat because they are resistant to many antibiotics (Talbot et al., 2006) . The treatment of infections caused by pathogenic fungi also faces enormous challenges. In the past 30 years, the incidence of fungal infections has significantly increased around the world, and current antifungal drugs such as polyene macrolides (amphotericin B), azoles (fluconazole, miconazole, itraconazole, and voriconazole), flucytosine, and the candins (caspofungin acetate and micafungin), are not ideal in terms of efficacy, antifungal spectrum, or safety. Furthermore, recent reports support that invasive candidiasis and aspergillosis has increased dramatically and spread rapidly (Gullo, 2009 ). Amphotericin B is efficacious against both candidiasis and aspergillosis. However, it exhibits severe side effects such as renal toxicity (Maschmeyer and Ruhnke, 2004) . Azoles exhibit drug-drug interactions with other drugs by inhibiting CYP450 isoenzymes. Fluconazole, flucytosine, caspofungin, and micafungin all show narrow antifungal spectrums and are prone to develop drug resistance (Masubuchi et al., 2003) . Hence, the urgent need of new agents to combat bacterial and fungal infections is immense. Malaria is a mosquito-borne disease caused by a eukaryotic protist of the genus Plasmodium and is a major global health problem because it kills approximately three million people annually, affects over one hundred countries, and the prevalence of this disease is escalating at an alarming rate, particularly in the last two decades (Wright, 2010) . Effective treatment of malaria is limited by the rapid development of resistance of Plasmodium falciparum to conventional drugs such as chloroquine, which necessitates the search for new antimalarial agents (Wells et al., 2009) . Leishmaniasis is a tropical disease caused by protozoal parasites of the genus Leishmania (Neuber, 2008) and it affects more than 12 million people in the world with an incidence of about 2 million new cases annually (Santos et al., 2008) . The most common treatment of leishmaniasis is the use of antimony (pentavalent antimonials) which includes sodium stibogluconate (Pentostam) and N-methylglucamine antimoniate (Glucantime) (Reithinger et al., 2007) . However, this treatment has proved to be inefficient due to drug resistance acquired by the parasite and the high toxicity of these drugs (Croft et al., 2006) . Amphotericin B, pentamidine, or paromomycin are commonly used alternative drugs for leishmaniasis. However, these drugs are also considered to be ineffective therapies (Santos et al., 2008) . Miltefosine is another well-known drug for the treatment of leishmaniosis. Miltefosine has been approved as an oral drug for visceral and cutaneous leishmaniasis with cure rates of about 98%. However, in vitro studies show that Leishmania can become resistant to Miltefosine (Berman, 2008) . Therefore, an increasing number of multidrug-resistant pathogens have become a serious problem particularly during the last decade, and provide the impetus for the search and discovery of novel antimalarial and antileishmanial agents.
Fungi offer a treasure trove for the discovery of structurally unique natural products with potential biomedical applications. Recently, we isolated and identified eight secondary metabolites (1-8) from the fungus Eurotium repens (Gao et al., 2011) . In this study, we report the antibacterial, antifungal, and antiprotozoal activities of these compounds.
Materials and methods

Fungal materials
The fungus used in this study was collected in Tifton, GA in 1978, lyophilized, and stored at -20°C before it was grown on potato-dextrose agar (PDA) at 24°C until discrete fungal colonies appeared. Samples were taken from colonies and kept on PDA slants in test tubes at 24°C, then placed in a 4°C refrigerator until needed. The fungus was identified as E. repens by sequence comparison of its btubulin partial gene (Gao et al., 2011) and a voucher specimen (UM-031509) has been deposited in the culture collection of the Department of Medicinal Chemistry at the University of Mississippi. The batch fermentation of the fungus was performed by seeding it on a medium consisting of 100 g shredded wheat, 100 g low-PH mycological broth, 40 g of yeast extract, and 400 g of sucrose in a 2.0 l Fernbach flask followed by incubation at 24°C for 22 days.
Chemistry
The evaluated compounds 1-8 were isolated from the fungus E. repens. Their extraction, isolation, structural elucidation, and the general experimental procedure for CNS activity have been reported (Gao et al., 2011) . In brief, the CNS data showed that these metabolites had good affinity for the cannabinoid and opioid receptors.
In vitro antimicrobial assay
All organisms used for the biological evaluation of the metabolites from E. repens were obtained from the American Type Culture Collection (Manassas, VA) and include the fungi Candida albicans ATCC 90028, C. glabrata ATCC 90030, C. krusei ATCC 6258, Cryptococcus neoformans ATCC 90113, and Aspergillus fumigatus ATCC 204305 and the bacteria Staphylococcus aureus ATCC 29213, methicillin-resistant S. aureus ATCC 33591 (MRS), Escherichia coli ATCC 35218, Pseudomonas aeruginosa ATCC 27853, and Mycobacterium intracellulare ATCC 23068. Susceptibility testing was performed using a modified version of the CLSI (formerly NCCLS) methods (Samoylenko et al., 2009 and referenced therein) . M. intracellulare was tested using a modified method (Franzblau et al., 1998) . Samples were serially diluted in 20% DMSO/saline and transferred in duplicate to 96-well flat bottom microplates. Microbial inocula were prepared by correcting the OD 630 of microbe suspensions in incubation broth to afford final target inocula. Ciprofloxacin (ICN Biomedicals, Ohio) for bacteria and amphotericin B (ICN Biomedicals, Ohio) for fungi are included as positive controls in each assay. All organisms were read at either 630 nm using the Biotek Powerwave XS plate reader (BioTek Instruments, Vermont) or 544ex/590em, (M. intracellulare, A. fumigatus) using the Polarstar Galaxy Plate Reader (BMG LabTechnologies, Germany) prior to and after incubation. Percent growth was plotted versus test concentration to afford the IC 50 .
In vitro antimalarial activity Antimalarial activity was determined in vitro against chloroquine-sensitive (D6, Sierra Leone) and chloroquineresistant (W2, Indo China) strains of P. falciparum by measuring plasmodial LDH activity as described earlier (Makler and Hinrichs, 1993) . Tested compounds were dissolved in DMSO (2 mg/ml). A 200 ll suspension of P. falciparum culture (2% parasitemia and 2% hematocrit in RPMI 1640 medium supplemented with 10% human serum and 60 lg/ml amikacin) was added to the wells of a 96-well plate containing 10 ll of serially diluted samples. The plate was flushed with a gas mixture of 90% N 2 , 5% O 2 , and 5% CO 2 and incubated at 37°C for 72 h in a modular incubation chamber. Plasmodial LDH activity was determined by using Malstat TM reagent (Flow Inc., Portland, OR) . In brief, 20 ll of the incubation mixture was mixed with 100 ll of the Malstat reagent and incubated for 30 min. Then, 20 ll of a 1:1 mixture of NBT/PES (Sigma, St. Louis, MO) was added and the plate is further incubated for 1 h in dark. The reaction was stopped by adding 100 ll of a 5% acetic acid solution. The plate was read at 650 nm using the EL-340 Biokinetics Reader (Bio-Tek Instruments, Vermont). IC 50 values were obtained from the dose-response curves generated by plotting percent growth versus drug concentration. Chloroquine was included in each assay as positive control. DMSO (0.25%) was used as a vehicle control.
In vitro antileishmanial activity
The antileishmanial activity of the compounds was tested in vitro against a culture of L. donovani promastigotes . The promastigotes were grown in RPMI 1640 medium supplemented with 10% fetal calf serum (Gibco Chem. Co.) at 26°C. A 3-day-old culture was diluted to 5 9 105 promastigotes/ml. Drug dilutions were prepared directly in cell suspension in 96-well plates. Plates were incubated at 26°C for 48 h and growth of leishmania promastigotes was determined by the Alamar blue assay as described earlier. Standard fluorescence was measured on a Fluostar Galaxy plate reader (BMG Lab Technologies) at an excitation wavelength of 544 nm and an emission wavelength of 590 nm. Pentamidine and Amphoterecin B were used as the standard antileishmanial agents. IC 50 values were computed from dose-response curves as above.
In vitro cytotoxicity
The in vitro cytotoxicity was also determined against mammalian kidney fibroblasts (VERO cells). The assay was performed in 96-well tissue culture-treated plates as described earlier (Mustafa et al., 2004) . In brief, cells were seeded in the wells of a 96-well plate (25,000 cells/well) and incubated for 24 h. Samples were added and plates were again incubated for 48 h. The number of viable cells was determined by neutral red assay. IC 50 values were determined from dose curves as described above. Doxorubicin was used as a positive control, while DMSO was used as vehicle control.
Results and discussion
In a high-throughput screening employing a receptor binding assay to explore natural products with selective affinity for specific opioid receptors and specific cannabinoid receptors, which could provide novel drug leads for neuropathic pain, we isolated and identified eight compounds 1-8 (Fig. 1) from the fungus E. repens, (E)-2-(hept-1-enyl)-3-(hydroxymethyl)-5-(3-methylbut-2-enyl)benzene-1,4-diol (1), flavoglaucin (2), tetrahydroauroglaucin (3), dihydroauroglaucin (4), auroglaucin (5), 2-(2 0 ,3-epoxy-1 0 ,3 0 -heptadienyl)-6-hydroxy-5-(3-methyl-2-butenyl)benzaldehyde (6), one diketopiperazine alkaloid echinulin (7), and 5,7-dihydroxy-4-methylphthalide (8) (Gao et al., 2011) . Most of them exhibited good binding affinities on opioid or cannabinoid receptors. Furthermore, all these compounds have been assayed for specific activities by a variety of groups. For example, 5,7-dihydroxy-4-methylphthalide (8) exhibited immunosuppressive activity (Fujimoto et al. 1999) . tetrahydroauroglaucin (3) showed cytotoxic activity against sex cells of the sea urchin Strongylocentrotus intermedius at a concentration of 0.5 mg/l (Smetanina et al., 2007) . The toxicity of echinulin has been studied by several groups. Echinulin (7) exhibited cytotoxicity to HeLa cells at the concentration of 100 mg/l (Umeda et al., 1974; Wang et al., 2006) and caused severe damage of alveolar organization and thickening of alveolar walls and liver damage (Ali et al., 1989) . However, echinulin (7) was not genotoxic (Mori et al., 1984) . Furthermore, swine refused to eat food containing 8 lg/l and drinking refusal in mice was attributed to echinulin (7) in the water at 90 mg/l (Vesonder et al., 1988) . Flavoglaucin (2) was cytotoxic to HeLa cells (Umeda et al., 1974) , caused hepatic damage in rabbits (Nazar et al., 1984) , inhibited mitochondrial respiration and induced mitochondrial swelling (Kawai et al., 1986) . Furthermore, flavoglaucin (2), tetrahydroauroglaucin (3), dihydroauroglaucin (4), auroglaucin (5), and 2-(2 0 ,3-epoxy-1 0 ,3 0 -heptadienyl)-6-hydroxy-5-(3-methyl-2-butenyl)benzaldehyde (6) exhibited antioxidant activity and radical scavenging activity against DPPH (Mikaye et al., 2009; Ishikawa et al., 1984; Li et al., 2006) . A recent study indicated that flavoglaucin (2), tetrahydroauroglaucin (3), dihydroauroglaucin (4), and auroglaucin (5) all inhibited mouse skin tumor promotion in a two-stage carcinogenesis (Mikaye et al., 2010) .
The good biological activities spectrum of the compounds 1-8 made us realize that they all have strong potentials in drug discovery, especially the treatment of diseases caused by bacteria, fungi, and protozoa, which became serious and common worldwide. Furthermore, there are not any reports on the antibacterial, antifungal and antimalarial activities of these compounds. We decided to evaluate the compounds 1-8 for their antibacterial, antifungal, and antimalarial activities and assess the structureactivity relationships (SARs) of these compounds. The antibacterial activities were evaluated against S. aureus, methicillin-resistant S. aureus (MRS), E. coli, P. aeruginosa, and M. intracellulare. None of these compounds showed in vitro antibacterial activity against E. coli, P. aeruginosa, and M. intracellulare (data not shown). Flavoglaucin (2), tetrahydroauroglaucin (3), and 2-(2 0 ,3-epoxy-1 0 ,3 0 -heptadienyl)-6-hydroxy-5-(3-methyl-2-butenyl)benzaldehyde (6) exhibited good antibacterial activity against S. aureus with IC 50 values of 14.32, 13.51, and 7.75 lg/ml, respectively, and (E)-2-(hept-1-enyl)-3-(hydroxymethyl)-5-(3-methylbut-2-enyl) benzene-1,4-diol (1), flavoglaucin (2), and 2-(2 0 ,3-epoxy-1 0 ,3 0 -heptadienyl)-6-hydroxy-5-(3-methyl-2-butenyl)benzaldehyde (6) were active against methicillin-resistant S. aureus (MRS) with IC 50 values of 11.97, 10.41, and 5.40 lg/ml, respectively, while the rest of the compounds were inactive. Ciprofloxacin was included as a positive control for antibacterial activity (Table 1 ). The antifungal activities were evaluated against a panel of pathogenic fungi (C. albicans, C. glabrata, C. krusei, C. neoformans, and A. fumigatus) associated with opportunistic infections. Amphotericin B was included as a standard antifungal drug for comparison. None of the compounds showed in vitro antifungal activity against C. albicans and A. fumigatus (data not shown). (E)-2-(hept-1-enyl)-3-(hydroxymethyl)-5-(3-methylbut-2-enyl)benzene-1,4-diol (1), tetrahydroauroglaucin (3), dihydroauroglaucin (4), auroglaucin (5), and 2-(2 0 ,3-epoxy-1 0 ,3 0 -heptadienyl)-6-hydroxy-5-(3-methyl-2-butenyl) benzaldehyde (6) showed antifungal activity against C. glabrata with IC 50 values of 7.17, 6.15, 2.39, 7.33, and 1.13 lg/ml, respectively. 2-(2 0 ,3-epoxy-1 0 ,3 0 -heptadienyl)-6-hydroxy-5-(3-methyl-2-butenyl)benzaldehyde (6) and 5,7-dihydroxy-4-methylphthalide (8) also showed activity against C. neoformans with IC 50 values of 5.31 and 18.08 lg/ ml, respectively. Among these compounds, only auroglaucin (5) exhibited moderate antifungal activity against C. krusei with an IC 50 value of 10.93 lg/ml (Table 1) . Antimalarial activity was determined in vitro against chloroquine-sensitive (D6, Sierra Leone) and chloroquineresistant (W2, Indo China) strains of P. falciparum by measuring plasmodial LDH activity. (E)-2-(hept-1-enyl)-3-(hydroxymethyl)-5-(3-methylbut-2-enyl)benzene-1,4-diol (1), flavoglaucin (2), tetrahydroauroglaucin (3), auroglaucin (5), and 2-(2 0 ,3-epoxy-1 0 ,3 0 -heptadienyl)-6-hydroxy-5-(3-methyl-2-butenyl)benzaldehyde (6) exhibited moderate antimalarial activities with IC 50 values ranging from 1.1 to 3.0 lg/ml (Table 2 ). Antimalarial activity of auroglaucin (5) was stronger than others auroglaucin (5) (IC 50 1.8 and 1.1 lg/ml against D6 and W2, respectively). Although dihydroauroglaucin (4) is structurally similar to (E)-2-(hept-1-enyl)-3-(hydroxymethyl)-5-(3-methylbut-2-enyl) benzene-1,4-diol (1), flavoglaucin (2), tetrahydroauroglaucin (3), and auroglaucin (5); 2-(2 0 ,3-epoxy-1 0 ,3 0 -heptadienyl)-6-hydroxy-5-(3-methyl-2-butenyl)benzaldehyde (6) and dihydroauroglaucin (4) were found to be inactive.
Antileishmanial activity against Leishmania donovani promastigotes was determined by Alamar BlueTM assay. Most of these compounds showed moderate to mild activities with IC 50 values ranging from 6.2 to 23 lg/ml (Table 2) . Auroglaucin (5) and 2-(2 0 ,3-epoxy-1 0 ,3 0 -heptadienyl)-6-hydroxy-5-(3-methyl-2-butenyl)benzaldehyde (6) were more active than others with IC 50 values of 7.5 and 6.2 lg/ml, respectively.
None of these compounds showed any toxicity toward mammalian kidney fibroblast (Vero cells). Echinulin (7) was inactive in all bioassays.
From the results above, we find that all the active compounds, (E)-2-(hept-1-enyl)-3-(hydroxymethyl)-5-(3-methylbut-2-enyl)benzene-1,4-diol (1), flavoglaucin (2), tetrahydroauroglaucin (3), auroglaucin (5), and 2-(2 0 ,3-epoxy-1 0 ,3 0 -heptadienyl)-6-hydroxy-5-(3-methyl-2-butenyl) benzaldehyde (6), have common structures. They all are benzyl derivatives with a dimethyl allyl and a seven carbon chain moiety. Concise structure and activity relationships of this type of compounds are summarized. For antibacterial activity, the number of double bonds in the seven carbon chain is important for maintaining this kind of activity. Compounds lacking a double bond or possessing only one double bond are active while compounds possessing two or three double bonds have a loss of antibacterial activity (dihydroauroglaucin (4), auroglaucin (5) exhibited no antibacterial activity). Furthermore, an aldehyde functionality is crucial for selectivity because (E)-2-(hept-1-enyl)-3-(hydroxymethyl)-5-(3-methylbut-2-enyl) benzene-1,4-diol (1) showed antibacterial activity against methicillin-resistant S. aureus (MRS) and tetrahydroauroglaucin (3) exhibited antibacterial activities against S. aureus. A double bond is also crucial for maintaining antifungal activity. The lack of a double bond in the seven carbon chain can result in the loss of antifungal activity against C. glabrata, C. krusei, C. neoformans. Aldehyde functionality is not important for antifungal activity because (E)-2-(hept-1-enyl)-3-(hydroxymethyl)-5-(3-methylbut-2-enyl)benzene-1,4-diol (1), and tetrahydroauroglaucin (3) have similar antifungal activities. For antimalarial activity, two double bonds can lead to the loss of antimalarial activity. However, three double bonds allows for the most potent antimalarial activity. Aldehyde functionality is not important for this type of activity because (E)-2-(hept-1-enyl)-3-(hydroxymethyl)-5-(3-methylbut-2-enyl)benzene-1,4-diol (1) and tetrahydroauroglaucin (3) have similar antimalarial activities. (E)-2-(hept-1-enyl)-3-(hydroxymethyl)-5-(3-methylbut-2-enyl)benzene-1,4-diol (1), flavoglaucin (2), tetrahydroauroglaucin (3), dihydroauroglaucin (4), auroglaucin (5), and 2-(2 0 ,3-epoxy-1 0 ,3 0 -heptadienyl)-6-hydroxy-5-(3-methyl-2-butenyl)benzaldehyde (6) exhibited good antileishmanial activity. 2-(2 0 ,3-epoxy-1 0 ,3 0 -heptadienyl)-6-hydroxy-5-(3-methyl-2-butenyl) benzaldehyde (6) showed the most potent and the double bonds in the chain maintained a high activity (IC 50 is 6.2 lg/ml).
The antibacterial, antifungal, and antimicrobial potency of benzyl derivatives usually depend on the substitutions. First, previous literature mentioned that the aldehyde (-CHO) group of benzaldehyde could lead to more antibacterial activity than the carboxyl (-COOH) group. Our results showed that the methoxy (-CH 2 OH) group caused the loss of activity against S. aureus. It had no affect on the activity against MRSA, C. glabrata, L. donovani and P. falciparum. One possible mechanism proposed to explain why benzaldehydes exhibited antibacterial activities was that the benzaldhydes became covalently attached to surface SH groups of the cells (Ramos-Nino et al., 1998) . However, the methoxy (-CH 2 OH) group incapable of forming a covalent bond with SH groups, which does not support the proposed mechanism. Second, the biological activity was affected by the unsaturation of the carbon chain substitution. Previous reports have confirmed that the unsaturation of the fatty acids can affect the biological activity (Sun et al., 2003) . For example, the potency of (9Z)-hexadecenoic acid (palmitoleic acid; C16:1N-7) was about twice as much as (6Z, 9Z, 12Z)-hexadecatrienoic acid (HTA; C16:3N-4) against S. aureus (Desbois et al., 2008) . The mechanism of action remains unknown but suggestions have been made that the cell membranes could be as the main target. Our results confirmed that the number and position of double bonds of long carbon chain substitution in these compounds have an important role in antimicrobial and antiprotozoal activities. We proposed that the fatty acid substitution of these compounds may interact with cell membranes leading to leakage, reduction of nutrient uptake or inhibition of cellular respiration and the number and position of the double bond can change the lipophilicity of the compounds, then affecting their interaction with cell membranes.
In conclusion, we have reported the antibacterial, antifungal, antimalarial, and antileishmanial activities of eight benzyl derivatives against seven human pathogens. The results have developed a better understanding of SARs of benzyl derivatives which have good potential in drug discovery.
